A lithium-sulfur cell was developed, consisting of a Si nanoflake negative electrode, a Li 2 S/graphene positive electrode, and a non-flammable solvate ionic liquid electrolyte. This cell configuration allows us to avoid the use of Li metal electrode and the concomitant dendritic deposition of Li metal at the negative electrode during charging, thereby rendering the cell operation highly safe and stable. The solvate ionic liquid electrolyte solution was composed of tetraglyme, lithium bis(trifluoromethanesulfonyl)amide, and a hydrofluoroether. The solubility of lithium polysulfide (reaction intermediate of the positive electrode) is very low, resulting in high Coulombic efficiency of discharge/charge and long cycle life of the Si/Li 2 S cell.
Introduction
Li-S batteries have attracted much attention due to their high energy density. [1] [2] [3] [4] Assuming the complete conversion of S to Li 2 S (S 8 + 16Li + + 16e ¹ ¼ 8Li 2 S), sulfur can offer a theoretical capacity of 1672 mAh/g and energy density of 2600 Wh/kg. However, the S cathode has several disadvantages. The insulating nature of electroactive species, from S 8 to Li 2 S, leads to low discharge and charge capacities compared with the theoretical capacity. Nanostructured carbon-sulfur composite electrodes have been developed to obtain intimate contact between sulfur and conductive carbon. 2, 5 This intimate contact effectively collects current from sulfur, leading to high utilization of sulfur in the composite cathode. Another disadvantage is the dissolution of lithium polysulfides, which are intermediates of the reaction at the sulfur cathode. This results in the low discharge-charge cycle stability and the low Coulombic efficiency of discharge/charge. 5, 6 We have previously reported that ionic liquid and solvate ionic liquid electrolytes suppress the dissolution of lithium polysulfides. [7] [8] [9] [10] [11] The Li metal anode also has serious disadvantages. The dendritic growth of Li metal occurs in the cell during the charging process, especially at high current densities. This causes internal short circuit of the cell, preventing the safe use of Li-S batteries. [13] [14] [15] A strategy to tackle this issue is to adopt Li 2 S (theoretical capacity: 1166 mAh/g) as the cathode material and a Li-free anode material. We recently developed a Li 2 S/graphene nanocomposite electrode, which exhibits a high discharge capacity of ³700 mAh/g and good cycle stability. 16, 17 The use of Li-free anode materials like graphite, tin, and silicon, prevents the formation of Li dendrites and thus improves cell safety. 5, [18] [19] [20] [21] [22] [23] Among the various anode materials, Si as a Li-alloying metal is one of the more promising candidates owing to its high capacity of 3580 mAh/g. 24, 25 However, the large volume change of Si during lithiation and delithiation leads to mechanical degradation (cracking or pulverization) and poor electrochemical properties. 24, 26 Recently, amorphous Si nanoflake powder (Si LeafPowder μ , denoted as Si-LP) with thickness of 50-200 nm has been developed. 27, 28 The short Li diffusion length facilitates uniform distribution of Li on thin Si-LP during alloying and de-alloying. This facilitates relaxation of the stress of volume change of Si, thus reducing of mechanical degradation of Si-LP and rendering good charge-discharge cycle stability to the cell. Herein we report the battery performance of Si-LP/Li 2 S cell with a non-flammable solvate ionic liquid electrolyte.
Experimental
Li 2 S/graphene composite was fabricated according to a reported method. 16, 17 In brief, Li 2 SO 4 /graphene nanoplatelet aggregate (GNA) composite was formed by a solvent/nonsolvent precipitation method, which permitted uniform deposition of Li 2 SO 4 onto the GNA surface. The Li 2 SO 4 /GNA composite was then transferred to a tube furnace under Ar atmosphere, and heated at 200°C for 1 h to remove water and at 781°C for 2 h to ensure the complete reaction between Li 2 SO 4 and C (Li 2 SO 4 + 2C ¼ 2CO 2 ↑ + Li 2 S). Since GNAs are in excess, the remaining graphene sheets could serve as a highly conductive two-dimensional host to anchor the in-situgenerated Li 2 S by intimate contact, thus forming the Li 2 S/graphene composite. Finally, to reduce its particle size, the Li 2 S/graphene composite was ball-milled. The ball-milled Li 2 S/graphene composite, carbon black, and polyvinylpyrrolidone (PVP, MW = 1200 kDa) were dispersed into N-methyl-2-pyrrolidinone and was stirred for 48 h. The mass ratio of Li 2 S, carbon (including graphene and carbon black), and PVP was 60:30:10. This slurry was absorbed by a carbon fiber paper (CFP, Toray Paper 060), and dried in 2 S electrode sheet and the Si composite electrode sheet were cut into disks (16 mm diameter) and were subjected to battery tests. Li metal foil was used as the counter electrode of the Li/Si cell. A porous glass filter (GA55, Advantec) was used as a separator between the negative and positive electrodes. Electrochemical measurements were carried out at 30°C. The morphologies of electrodes were observed by a fieldemission scanning electron microscope. Figure 1 presents the galvanostatic charge-discharge curves, cycling performance, and Coulombic efficiency of the Li/Si halfcell at 1/12 C. In this system, the charging process corresponds to the alloying reaction of Li with Si. The cell was first charged to 0.02 V, and then discharged to 1.5 V. The amorphous Si electrode exhibits a typical charge-discharge behavior without any obvious plateaus (Fig. 1a) . 27 The initial discharge capacity of the Si electrode was 2625 mAh/g. After 40 cycles, the discharge capacity was reduced to 1410 mAh/g with a Coulombic efficiency of 98%. The discharge capacity fade of the Si electrode was slightly faster than the previously reported one, 27 which was probably caused by higher Si loading (0.9 mg/cm 2 ).
Results and Discussion
A Si/Li 2 S cell was prepared using the solvate ionic liquid electrolyte solution. To evaluate the validity of the cell configuration [Si«[Li(G4)][TFSA]/4HFE«Li 2 S], cyclic voltammograms (CVs) were obtained (Fig. 2) . The cell voltage was initially swept to 4.2 V to overcome the energy barrier of Li extraction from the insulating Li 2 S. 29 Thus, the broad peak located at 2.9 V in the first positive scan corresponds to the electrochemical activation of Li 2 S. In the subsequent positive scans, the charging current peak around 2.4 V corresponds to the conversion reaction of Li 2 S to S. Moreover, in all negative scans, there were two clear discharging current peaks at 1.7 and 1.3 V, attributed to the conversion of S 8 to high-order lithium polysulfide (Li 2 S x , 4¯x¯8) and then to Li 2 S, respectively. CVs with obvious charge and discharge peaks reflect the reversible electrochemical reaction of the Li 2 S cathode and the amorphous Si anode. Here, the lithiated phase formed at the anode is assumed to be Li 15 Si 4 . 25 The galvanostatic charge-discharge profiles of the [Si«[Li(G4)]-[TFSA]/4HFE«Li 2 S] cell are shown in Fig. 3a . The full cell delivered an initial charge capacity of 1188 mAh/g, close to the theoretical value of Li 2 S (1166 mAh/g), suggesting that Li 2 S was sufficiently activated. However, the initial discharge capacity was only 702 mAh/g. This irreversible capacity was probably due to (i) the volumetric shrinkage of Li 2 S during the first charging process, which loosens the electrical contact between the active material and the conductive carbon and (ii) the consumption of Li at the Si anode side during the initial cycle (Fig. 1a) . Additionally, at the 5th and 20th cycles, a very flat charge plateau at 2.1 V and two well-defined discharge plateaus at 1.8 and 1.4 V are observed, consistent with the CV profiles shown in Fig. 2 . After 40 cycles, the full cell had a discharge capacity of 403 mAh/g with a Coulombic efficiency of 96% (Fig. 3b) . The relatively high Coulombic efficiency of the discharge/charge cycle suggests that the shuttle effect was effectively suppressed in the cell due to the very low solubility of Li 2 ¹3 (total atomic-S concentration). 7, 11 This results in the very low Coulombic efficiency (< 80%) of the discharge/charge and the significant degradation of discharge capacity of a Li-S cell with the 0.98 mol dm ¹3 Li[TFSA]/G4 electrolyte.
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In our previous study, a graphite/Li 2 S full cell using the [Li(G4)][TFSA]/4HFE electrolyte showed an average capacity fade of 0.86% per cycle, 17 lower than that of the Si/Li 2 S full cell used in this study (1.06% per cycle, as shown in Fig. 3b) . The capacity fade of the Si electrode was ascribed to the large volume change of Si (³280%) and the side reaction of the electrolyte at the Si electrode surface. 30 In contrast, the graphite electrode underwent a much Electrochemistry, 84(11), 887-890 (2016) smaller volume change (³10%) during Li intercalation, and the side reaction of electrolyte is suppressed. To improve the chargedischarge cycle stability of Si/Li 2 S full cell, stabilization of the passivation layer (solid-electrolyte interphase) of the Si electrode and suppression of irreversible decomposition of the electrolyte may be needed.
To evaluate the rate capability of the Si/Li 2 S full cell, the charge and discharge rates were changed from 1/12 C to 2 C (Fig. 3c) . The discharge capacity of the cell decreased with increasing current density; however, the cell still delivered a capacity of 292 mAh/g after 200 cycles at 1 C (Fig. 3c) , implying good cycle stability at high current densities. This rate capability and cycle performance of the cell are attributed to the short Li diffusion length in the Si-LP, the intimate contact between Li 2 S and graphene, and the high ionic conductivity of the [Li(G4)][TFSA]/4HFE electrolyte. The short Li diffusion length in the Si-LP facilitates the charge and discharge of the anode at high current densities. The intimate contact between Li 2 S and graphene lowers the resistance of the composite cathode Electrochemistry, 84(11), 887-890 (2016) and facilitates the redox reaction of the insulating Li 2 S. The high ionic conductivity of the electrolyte reduces the internal resistance of the cell.
The Si/Li 2 S cell was disassembled after 200 cycles to characterize the surface of the electrodes (Fig. 4) . For the cycled Li 2 S cathode, the morphology of the Li 2 S/graphene composite particles and the abundant porous spaces provided by the carbon fiber network were well preserved. For the cycled Si anode, some agglomerations of Si flakes are observed; however, there are no obvious cracks on the Si-LP, suggesting that the stress of volume change during lithation/delithiation was well defused within the Si-LP due to its two-dimensional morphology.
Conclusions
We prepared a battery consisting of Si-LP anode, Li 2 S/graphene cathode, and a solvate ionic liquid electrolyte. The cell exhibited a discharge capacity of 292 mAh/g at 1 C even after 200 cycles. The stable operation of the cell was enabled by the following factors: (i) ball-milled Li 2 S/graphene composite with decreased Li 2 S particle size and an intimate contact between graphene and Li 2 S, which facilitates the electrochemical reaction of the insulating Li 2 S in the cathode, (ii) two-dimensional morphology of the Si-LP, which helps to defuse the stress of volume change of Si during the Li-alloying/ dealloying process in the anode, and (iii) solvate ionic liquid, which functions as a polysulfide-insoluble electrolyte and effectively restrains the shuttle effect in the cell.
